We present a new approach which allows one to insert a silica nanosphere with a single quantum dot into a high Q photonic crystal slab nanocavity with an asymmetric nanohole in the center. The high Q cavity is optimized by adjusting air holes around the L3-type cavity based on three-dimensional finite-difference time-domain simulation. High Q value of 48 700 in this asymmetric cavity is achieved. The performance of the cavity with an assumed silica sphere containing a single quantum dot in the nanohole is also discussed, in which the Q factor can reach 5 × 10 4 and modal volume V is 0:048 μm 3 (∼0:62 ðλ 0 =nÞ 3 ). It is found that the electric field intensity in the nanohole is much stronger than the maximum electric field in the cavity without a nanohole. This makes it possible to locate the precise position of the quantum dot with respect to the cavity mode electric maximum. This system provides a good candidate for realizing a strong interaction between a quantum dot and cavity for the study of cavity quantum electrodynamics.
INTRODUCTION
Photonic crystal (PhC) has attracted more and more attention since it was put forward by Yablonovitch and John in 1987 [1, 2] . Photonic bandgap (PBG) and strong photon confinement effect are two basic characteristics of PhCs. Photonic crystal nanocavities can confine light with an extremely high quality factor and ultrasmall volume, which enable a strong interaction between light and matters located in the cavity. The fabrication procedures of planar photonic crystals are simpler than those of three-dimensional (3D) PhC which makes planar PhC cavities especially attractive for experiments in cavity quantum electrodynamics (QED). Some groups have reported vacuum Rabi splitting [3, 4] , high-efficiency single photon sources [5, 6] , and the suppression and enhancement of spontaneous emission [7] [8] [9] in PhC cavities.
A PhC cavity is a great candidate for realizing the strong coupling between a quantum dot (QD) and a cavity. For this purpose, a precise spatial and spectral overlap between quantum dot and PhC cavities should be satisfied. The former requires that a single QD in the cavity should be located at the position with the maximum electric field. A deviation of 50 nm typically may result in a decreased emitter-mode overlap of 75% [10] . Several techniques have been developed to position QDs in cavities. The conventional self-assembling methods may result in a random distribution due to uncertainty, and therefore the spatial alignment with the PhC cavities occurs by chance [3, 11] . The difficulties in tuning spatial overlap have partially obstructed the development and application of these solid-state cavity QED nanostructures. So far, various new positioning techniques have been reported. Hennessy reported the technique to locate the absolute position of buried QDs by atomic force microscopy metrology with a 30 nm accuracy [12] . Badolato et al. reported a deterministic approach that relies on a tracer for the seed QD and could locate a single QD with a 25 nm accuracy [13] . Lithographic positioning [14] and site-controlled quantum dot (SCQD) growth techniques [10, [15] [16] [17] [18] have been intensively researched during recent years. Depending on the approach that allows for real long-range ordering, one could retrieve the absolute position of the SCQD and integration into single QD-based devices.
The aforementioned methods require PhC nanocavity to be patterned with spatial alignment according to the distributions of the grown quantum dots. By temperature tuning [19] , one could accomplish the spectral overlap between the QD and cavity mode. However, once fabricated, it is quite difficult to replace the original quantum dot with another for perfectly matching. Recently, it was reported that introducing a concave region into the cavity surface lead to peak emission intensity enhancements [20] . To our knowledge, most of the solid-state cavity QED studies are based on the epitaxy growth of quantum dots on GaAs wafers. Our designed photonic crystal cavity could break through this restriction. In this paper, we present a new approach which allows one to insert a single quantum dot precisely into a high Q photonic crystal slab nanocavity with an asymmetric nanohole in the center. Quantum dots encapsulated with silica (such as PbSe=SiO 2 nanocrystals) [21] can be put into a hole in the silicon-based chip by a scanning electron microscope aided with a nanoarm or nanotip which provides a method to study cavity QED in a silicon chip.
coupling between the cavity field and an atom trapped within a hole of the PhC [22] . Since the L3 cavity that consists of three missing air holes was presented by Noda et al. [23] , there has been a growing interest in the interaction between the light and the matter in L3 PhC cavities. The concept for the realization of high-Q nanocavities in 2D PhC is applied to fine-tuned nanocavities. That is, to suppress the radiation loss, the envelope of the cavity mode field should have no abrupt changes and should ideally follow a Gaussian function. Cavities with a Q factor of 100 000 experimentally and 260 000 theoretically have been developed [24] . Based on the novel concept of a photonic double heterostructure, a designed Q in the order of 10 7 -10 9 has been recently achieved [25] . Ultrasmall modal volume is also an important consideration for QED. Several groups achieve high Q of more than 10 5 with small modal volume [26, 27] .
We start with a PhC slab structure with a triangular periodic array of air holes shown in Fig. 1(a) . The thickness of the slab H and the radius of the air hole r are 0:53a and 0:3a, where a is the lattice constant of 0:4 μm. The nanocavity is L3 type created by omitting three air holes in a line. The refractive index of the slab is 3.4, which corresponds to the index of Si. The band structure for TE-like mode is plotted in Fig. 2 , calculated by the 3D plane wave expansion method. The photonic band gap is open for a normalized frequency range of 0:269∼ 0:331ðc=aÞ, corresponding to the mid gap of 1:35 μm. In a PhC slab, the confinement in vertical direction lies in the total internal reflection. The solid line in Fig. 2 represents the light line ω ¼ ck == where k is the in-plane wave vector and c is the speed of light in air. The region of the band structure with ω > ck == is called the light cone. The modes in the light cone fulfill the Snell law and radiate vertically. To obtain the high Qfactor cavity, holes marked by A, B, C, and D i (where i ¼ 1, 2, and 3) around the cavity are tuned. Figure 1(b) shows the detailed movements. We will discuss the performance of the cavity in a later section. The following calculation is performed using the 3D-FDTD method.
To locate a single quantum dot in the center precisely, we insert a nanohole in the center of the cavity. The radius of the nanohole is fixed to 20 nm (a=20). Our long-term goal is to implement strong coupling between a quantum dot and a high Q cavity. The calculation domain of the photonic crystal cavity is AE12 layers in the x direction, AE10 rows in the z direction, and AE0:5 μm (AE1:25a) in the y direction. Because of the different length scales present, the nonuniform grids are used to accurately resolve the finest field structure, as described in the RSOFT manual [28] in detail. The rectangular computational grid resolution of 0:025a along the X and Z direction (inplane) are used. Furthermore, the minimum number of grid cells within a region that lies between two material interfaces is set to an integer 4 such that there are at least four cells within a small material region. This option of nonuniform grid is useful for the latter strictly optimizing. Along the Y direction, 0:05a in the bulk region and 0:025a at the material interface (vertical) are available. Here, 0:05a is the bulk grid size, which represents an "average" grid size to be used in the bulk region that is sufficiently far from material interfaces while the grid 0:025a specifies the grid size near material interfaces. To reduce the calculation time, the symmetric or antisymmetric boundaries are applied in the X and Z directions. In this way, we can achieve fourfold reduction in the computational grid size. For example, the component E z is an even function of all three coordinates for a TE-like mode, so the antisymmetric boundary conditions at X ¼ 0, symmetric conditions at Z ¼ 0, and the perfectly matched layer (PML) boundary conditions at X ¼ 14a, Z ¼ ð5 ffiffi ffi 3 p aÞ, and Y ¼ AE1:25a are applied.
DEPENDENCE OF L3 CAVITIES ON THE DEPTH OF THE NANOHOLE
At first, we discuss the effect of the depth of the nanohole. To realize the dot-cavity strong coupling regime in the designed structure, the single quantum dot must be trapped at the point where it interacts most strongly with the cavity mode. For simplicity, we discuss the cavities without a quantum dot first in the following parts. A TE-polarized electric field is used to excite the TE-like modes. The plane of coordinate y ¼ 0 is located at the center plane of the slab. We examine the dependence of the cavity on the depth of the nanohole, where the radius of the nanohole is fixed to 20 nm and the depth of the nanohole h is varied from 0 to 212 nm with step size of 0:07a. When the depth of the hole is h ¼ 0, it corresponds to the cavity without a hole in the center. Likewise, when the depth of the hole is h ¼ 212 nm, the same as the thickness of the slab, it corresponds to the cavity with a hole penetrating to the slab.
Here, we apply two different methods to calculate the Q value, the techniques of fast harmonic analysis for Q sum and the ratio of stored energy to leaking power. The latter provides a method to separate inplane and out-of-plane losses in the PhC slab. The out-of-plane Q (Q ver ) factor is composed of Q up and Q down , which correspond to the Q value along y and −y directions, respectively, as shown in Fig. 3 . We shall further mention that the Q values of the cavity obtained from these two approaches have a slight difference. The calculation of partial Q factors is often quite susceptible to a cancellation problem. To ensure that the Q value of the cavity is not smaller than the predicted one, we choose the one obtained from the technique of fast harmonic analysis as the total Q factor which is relatively small but more reliable.
The plot of Q sum and the resonant wavelength versus the depth of the nanohole is given in Fig. 4(a) . As the depth increases, the Q sum drops from the original one without a hole 4420 to 3540, and a minor dip at h ¼ 134 nm appears, then Q sum increases slightly to 3625 when the nanohole penetrates the slab. The last case is in ways similar to a single gas-phase atom trapped within a hole [22] . The resonant wavelength shows minor blue shift from 1:44 μm to 1:435 μm due to the reduction of the effective index of cavity. We also plot the Q factors for three different channels versus the depth of the nanohole. Generally speaking, Q up is always smaller than Q down except in the case of h ¼ 0 and h ¼ 212 nm for a y-symmetric structure. For h ¼ 106 nm, corresponding to a half-height of the slab, Q up and Q down is 7270 and 8170, respectively, giving rise to the biggest contrast ratio. We can determine that the vertical loss radiates mainly along the direction of the air nanohole. But as for Q == , it would not change monotonically despite approaching the mid gap; instead, it would show a trough (Q == ¼ 7:9 × 10 4 ) when the bottom of the nanohole stops near the center, comparing to the maximum Q factor of 5 × 10 6 . The reduction of the Q == with a more asymmetrical hole seems to be counterintuitive. It is likely because that the half-height nanohole destructs the inplane interference field dramatically, and the inplane radiation decays into the sidewalls more quickly. Even so, Q == is still much larger than the Q up and Q down (10 times larger than the Q up (Q down ) for h ¼ 106 nm). The Q sum is still primarily limited by the vertical loss. Therefore, we will focus on the methods of suppressing the vertical radiation.
The typical fundamental mode patterns of the nanocavity in which h ¼ 134 nm at resonant wavelength 1:438 μm are illustrated in Figs. 5(a) and 5(b). The distribution of the E z electric field is even symmetric about X and Z axes. As the magnified figures displayed in Fig. 5(c) show, the capability of localizing electric field modes differs with the change of the depth of the nanohole. For the cavities with the bottom of the nanohole stopping beneath the center face of the slab, it is clear that the maximum E z electric field intensity is within the center of the nanohole, which provides a desirable way to interact with a quantum dot. Therefore, they are good candidates for strong coupling with a single quantum dot trapped in a hole. The E x electric field is not applied because its distribution is in odd symmetry about both X and Z axes. The electric intensity of the odd mode is zero in the center of the nanohole which is not suitable for our design shown in Fig. 5(d) . To position the quantum dot with radius of 20 nm in the nanohole center, we choose the nanocavity for optimizing in which the depth of the hole is 134 nm in the following parts. Its original Q sum is 3540.
Finally, we would like to check the influence of the grid size resolution. As mentioned above, the grid resolution is 0:025a along the inplane direction and 0:05a in the bulk region along the vertical direction. Nonuniform grids with the same parameters are applied all the time. We recalculated the Q factor and the resonant wavelength of the nanocavity in which the depth of the hole is 134 nm with three different grid resolutions. The results are listed in Table 1 . Even in the case of Δx ¼ Δy ¼ 0:025a, Δy ¼ 0:075a, the resonant wavelength has an offset of 3 nm, compared to the case with the first finer grid resolution, and the Q factor has an offset of 1.7%. The feature of the electric field distribution under a different grid resolution is also considered. As shown in Fig. 6(a) , the electric field intensity (E z ) along the central face (XoY) shows a feeble dip under the third grid resolution. On the other hand, the electric field distribution (E z ) along the central face (XoZ) in Fig. 6 (b) appears with great similarity. Therefore, considering that the first grid resolution would consume large amounts of time and memory, and the important features of the cavity can still be obtained with the grid resolution of Δx ¼ Δz ¼ 0:025a, Δy ¼ 0:075a (bulk), the third group of calculation parameters are performed in the following parts.
EFFECT OF AIR HOLES OFFSET AT THE EDGE
The Q factor of the structure above is unspectacular. The suppression of inplane loss can be implemented by increasing periods of PBG structure around the cavity. The key loss mechanism in a PhC slab cavity results from the vertical radiation of the asymmetric structure, and our goal is to reduce the wave vector components that are within the light cone.
To this end, the air hole positions at the cavity edges are adjusted slightly following the design of Noda et al. [24] . The nearest air holes at the edge are shifted slightly outside the cavity to make the electric field profile fulfill the Gaussian envelope function. The Q value increases to 26 900 when A holes are shifted with d A ¼ 0:185a, as shown in Fig. 1(a) . We also adjust the C holes with d C of 0:2a while fixing d A ¼ 0:185a; the fine-tuned Q is 32 950 for the resonant wavelength of 1:45 μm. In addition, the radius of A holes reduces to 0:223a, which results in an optimized Q factor of about 37 000 at wavelength 1:454 μm, because a taper structure would reduce the dispersion of field components at the edge of the cavity and weaken the reflections at the cavity, allowing the light to penetrate deeper inside the surrounding layers. Moreover, we also calculate the Q factor of the cavity by tuning the second nearest air B hole's radius and position while fixing A holes with d A ¼ 0:185a, but the Q factor is not increased obviously or even decreased if d B is less than 0:02a. Considering the simulation time, we fix B holes at original positions in the following discussion. The achieved Q here is 37 000 when d A ¼ 0:185a, r A ¼ 0:223a, d C ¼ 0:2a (denoted by cavity M0), which seems to not be very exciting and is lower than those of other high Q cavities in PhC slabs.
EFFECT OF AIR HOLES UP AND DOWN THE CAVITY
Slight changes of the structure have different influences on the performance of the cavity: the cavity mode is almost unaffected by the displaced holes with tiny field intensity but is obviously influenced by the ones with a strong electric field [29] . Considering the field distribution in Fig. 5(a) , the mode is quite weak at position C, as a result the Q factor is improved within a small scale. By tuning holes which are around the cavity, one can change its Q factors. Here, three kinds of other shifts are introduced to improve the Q factor further. The schematic diagram of a cavity with holes D 1 , D 2 , and D 3 is shown in Fig. 1(b) . The D i (i ¼ 1, 2, 3) holes, which are the nearest, second nearest, and third nearest holes up and down the center nanohole, respectively, are shifted along the x ¼ AEz direction with a distance of ffiffi ffi
. In order to investigate the influence of D i holes offset, we simulate the Q factor, modal volume (V ), and resonant wavelength for a range of displacement. Table 2 lists the Q factors and modal volumes of the cavities under various tunings. For cavity M0 (d A ¼ 0:185a, r A ¼ 0:223a, d C ¼ 0:2a), by tuning D 1 slightly along the outwards direction, i.e., d D1 ¼ −0:025a, the Q factor of the cavity reduces to 13 300 dramatically. In contrast, the offset of D 1 by a distance d D1 of 0:018a closer to the center (denoted by cavity M1) gives rise to an improvement in Q sum factor of 44 100. The improvements of Q up and Q down more than 10 5 with d D1 ¼ 0:018a are due to the smoother reflection in the z direction. However, the Q factor decreases dramatically for the displacement d D1 > 0:025a shown in Fig. 7 . The resonant wavelength shows a linear blue shift because the effective index of the cavity reduces as the holes shift inward, which pulls the wavelength of the cavity mode closer to the middle of the bandgap and leads to a better inplane confinement (Q == ¼ 1:48 × 10 5 ), as shown in Fig. 7 . As a result, the Q == increases monotonically as the resonant wavelength has a blue shift. When holes D 2 are tuned individually, the Q factor reduces to 24 000 for d D1 ¼ 0 and d D2 ¼ 0:025a. It is noted that the Q == shows a slight decline (1:26 × 10 5 ) compared with those cavities with untuned D 2 holes, even though the resonant wavelength gets closer to the middle of the bandgap. It might be partially attributed to the perturbation of regular periods inplane around the cavity, thus the inplane confinement of the cavity mode becomes weaker.
The Q sum value is enhanced further to 44 300 by displacing
. The combined effect of the displacements of D 1 and D 2 , on one hand, breaks the regular periodic structure and weakens the plane confinement; on the other hand, it produces a so-called gradient structure surrounding the cavity. For the former, more layers should be added for compensation, while the latter can reduce the momentum components in the light cone. As a result, Q up and Q down can reach ∼10 5 and Q ver can be enhanced. Because of the increase of Q ver and the slight decrease of Q == , we get an increase of Q sum . We can expect that, by increasing the number of periods around the PhC cavity, with the increase of Q == , the Q sum will be further improved. When it comes to modal volume, all the results are maintained at a stable level of around 0:046 μm 3 [∼0:6 ðλ 0 =nÞ 3 ], a bit smaller than that of traditional L3 type cavity. This indicates that the mode can be concentrated effectively at the center of the cavity. By the same token, we also move holes D 3 (the third nearest holes inward and outward to the center hole) with the same distance as the holes Figure 8 shows the Q sum of cavities with the displacement of the holes D i (i ¼ 1, 2, 3) in four kinds of cavities M0, M1, M12, and M123. The black line represents the shift of d ¼ 0:018a while the red line represents the shift of d ¼ 0:025a. In these four kinds of cavities, the Q values of the cavity with d ¼ 0:018a are larger than that of d ¼ 0:025a. In both cases of d ¼ 0:018a and d ¼ 0:025a, the movements of the holes D 3 make a small contribution to the promotion of the Q factors further to 48 700 and 45 300, respectively, compared with the Q values of 48 100 and 44 300 without the movements of the holes D 3 . The enhancement effect appears to be not so obvious by reason of a relatively weak electric field in areas at position D 3 . However, a higher Q factor can be realized by tuning D i holes besides A, B, and C holes.
COMPARISONS IN MOMENTUM SPACE
For comparison, we plot the 2D spatial Fourier transformation (FT) spectra of E z for two kinds of cavities,
As can be seen in Figs. 9(a) and 9(b), the leaky components are reduced when introducing displacement of holes D 1 and D 2 in comparison with those in the cavity without tuning D 1 or D 2 , where relatively larger leaky components exit in the light cone. Moreover, in cavity M0, most leaky components lie along the k z direction when k x is around zero, as shown in Figs. 9(a), 9(c), and 9(d). The offsets of D 1 and D 2 along X and Z directions simultaneously have impacts on k x and k z components with different degrees. The FT components along the k z direction in the light cone of the M0 cavity is apparently larger than that of the M12 cavity, while FT components along the k x direction show slight change. Thus, an appropriate displacement of D 1 and D 2 can suppress k z components and contributes to a further increase in Q ver factors.
To match the QED experimental condition, we insert a silica sphere with a diameter of 40 nm in the center of the optimized cavity M123 with
018a (denoted by cavity M123 silica ), as shown in Fig. 1(c) . The Q factor is 49 500 while the modal volume is 0:048 μm 3 (∼0:62 ðλ 0 =nÞ 3 ). Compared with the Q value of 48 700 in cavity M123 without a silica sphere, the Q shows a minor increase, up to 5 × 10 4 . The electric field (E z ) distribution along the central face (XoZ) as well as the cross section (XoY) and (YoZ) are shown in Figs. 10(a)-10(c) , respectively. The electric field intensity in the hole is much larger than that outside of the hole from different cross sections, as is expected. The 1D electric field profile at the center line of the cavity with d A ¼ 0:175a and d C ¼ 0:2a but without a nanohole in the center is also presented (denoted by cavity M nohole ). The calculated Q factor of the cavity M nohole is 1:35 × 10 5 . In comparison with the profile of the symmetric cavity, the E z electric field of M123 silica goes up sharply and is larger than the peak value of cavity M nohole , as can be seen in Fig. 10(d) . Unlike the normal PhC cavity, the material is not continuously distributed in the designed cavity with a nanohole in the center. From the Maxwell theory of boundary condition, the electric displacement vector is continuous at the interfaces of low and high index dielectric material; therefore, the electric field is larger in the low index region than that in the high index region. Despite the Q factor for the cavity, M123 silica is one-third of that for the cavity M nohole , the electric field is still highly concentrated in the nanohole, and the maximum electric field E z in M123 silica is nearly 1.5 times larger than that of the M nohole . This makes it possible to precisely fix the single quantum dot at the position with respect to the cavity mode electric maximum. It also should be noted that there is a small dip at the center of the electric field intensity profile approximately 92% of the maximum. For one thing, the hole also brings in vertical radiation losses, which may results in a slight reduction. For another, as the third section discussed, the dip curve is also slightly influenced by the relative rough grid resolution. If a higher grid resolution is used, the mid point dip may weaken. However, an 82% peak value intensity can still be obtained at the boundary of the hole (indicated by the blue dashed line), which is still bigger than the maximum electric field at the cavity without a nanohole. So the cavity with an asymmetric nanohole provides an effective way to improve the spatial overlap between QD and cavity modes. It could result in a strong coupling between a quantum dot and cavity and be suitable for the study of the strong interaction between the quantum dot and cavity. We also calculated the 2D FT spectra, as shown in Fig. 10(e) . The FT components positioned within the leaky region are suppressed effectively, which increases the Q factor of the cavity.
Finally, we referred to the effect of the y position of the single QD. Based on the optimized cavity M123, the silica sphere is located in the 76 nm depth of the hole, which is 30 nm above the center point. The Q factor is 53 300 owing to the further suppression of the radiation loss by the QD. However, the maximum electric field at the cavity is still at the center point. Note that our goal is to improve the spatial overlap between QD and cavity modes to the greatest degree. Consequently, the QD located at the center to match the cavity mode is a priority.
SUMMARY
In conclusion, we propose a novel method to design a slab photonic crystal cavity with a nanohole in the center based on an L3-type cavity for QED. To trap the quantum dot in the center of the nanohole, we break the symmetry of the structure along the vertical direction of the slab; this has not been discussed before as far as we know. 3D-FDTD is used to simulate the designed cavity. The nanohole is located at the point with the utmost electric field. Results show that the electric field at the nanohole in the designed cavity is much larger than the maximum electric field in the cavity without a nanohole even if its Q factor is over twice as high. Moreover, the asymmetric cavity with a high Q factor is obtained by carefully shifting holes around the cavity. The optimized design for the asymmetric cavity with a nanohole in the center makes Q sum equal to 48 700, after inserting a silica sphere with a single quantum dot in the center, Q sum ≈ 5 × 10 4 . The modal volume V maintains the level of around 0:048 μm 3 (∼0:62 ðλ 0 =nÞ 3 ). The asymmetric cavity with a nanohole in the center provides an effective approach to precisely fix the single quantum dot at the position with respect to the cavity mode electric maximum and improve the spatial overlap. This approach also makes it possible to realize the solid-state cavity QED experiments not only on GaAs wafers but also in silicon-based chips. So, it can be applied for the study of the strong interaction between a single quantum dot and the cavity.
